Abstract. We present a likelihood-based regression method that was developed to analyze the effects of neighborhood competitive interactions and hurricane damage on tree growth and survival. The purpose of the method is to provide robust parameter estimates for a spatially explicit forest simulator and to gain insight into the processes that drive the patterns of species abundance in tropical forests. We test the method using census data from the 16-ha Luquillo Forest Dynamics Plot in Puerto Rico and describe effects of the spatial configuration, sizes, and species of neighboring trees on the growth and survival of 12 dominant tree species representing a variety of life history strategies. Variation in sizedependent growth and mortality suggests a complex relationship between size, growth, and survival under different regimes of light availability. Crowding effects on growth and survival appear to be idiosyncratic to each individual species, and with the exception of pioneers, there is little commonality among species that share similar life histories.
INTRODUCTION
Tropical forests are repositories of much of the world's biodiversity and play a crucial role in the regulation of global climate. They are also under tremendous pressure from human development. Understanding the dynamics of tree growth and survival is central to both the ecology and management of these forest resources. The spatial and temporal scales of change in tree populations require the use of models to extrapolate from small scale, short-term measurements to realistic spatial and temporal realms (Botkin et Shugart and West 1977, Pacala et al. 1996) . Forest modeling, coupled with well-designed field studies, can provide a useful tool for assessing the influence of natural and anthropogenic processes on forest composition and structure. One successful class of forest models uses a spatially explicit approach to predict the performance of individual trees based on the characteristics of the focal tree (i.e., size and taxonomic identity) and depletion of local resources by neighbors (Pacala et al. 1996) . Although this class of models has both predictive power and practical applications, a focus on neighborhood interactions alone may fail to provide insight into the processes that drive the relative abundance and diversity of species in plant communities, particularly in highly diverse tropical forests (Hubbell 2001) . Un-doubtedly, the focus on neighborhood interactions must bias our understanding of the ecological and evolutionary factors that drive plant community dynamics.
From an ecological point of view, a focus on neighborhood interactions may fail to capture and measure the effects of infrequent events (i.e., periodic natural disturbances such as hurricanes or fires). These infrequent events may be more important to understanding the way a particular system works than the day-to-day factors that control dynamics on a neighborhood scale (Tilman 1988) . For instance, coexistence of a large number of species in Caribbean forests has often been attributed to density-independent recruitment of species after hurricanes (Vandermeer et al. 1996) . Understanding how disturbance interacts with neighborhoodscale processes is crucial to the development of realistic forest models. Neighborhood forest models can act as links between processes at the scale of individual trees and disturbance dynamics at stand and landscape scales (Frelich and Reich 1999) .
From an evolutionary point of view, the bias towards neighborhood-scale studies may favor a particular view of the world that ascribes great importance to processes that matter at these scales (e.g., plant competition), but that may be largely irrelevant over evolutionary time or across broad geographic ranges (Hubbell 2001) . In fact, Hubbell (2001) has forcefully argued that patterns of relative abundance in tropical forests support the idea that plant communities are non-equilibrium (neutral) assemblages undergoing continuous taxonomic turnover with little coevolution between competitors. This ''neutral'' view of plant communities assumes that all coexisting species have equivalent per capita fitness (i.e., all individuals of all species have equal probabilities of birth and death), a patently incorrect assumption. Hubbell (2001) proposes that actual data from natural communities support his neutral model because coexisting species differentiate into niches along life history tradeoffs and that, in fact, this differentiation promotes high species diversity in tropical forests.
One obvious way in which species differentiate into niches in communities is by the differential competitive effects that they have on their neighbors. Despite the important implications of establishing that species differ in competitive effects for understanding plant communities, there have been very few studies that have compared the magnitude of competitive effects among coexisting species on a standardized basis such as perindividual or per-capita effects (but see Goldberg 1987, Freckleton and Watkinson 2001) . Even fewer studies have looked for differences in species competitive effects in forest communities (but see Canham et al. 2004) . Neighborhood forest models can be used to examine the nature and importance of these competitive effects without the need for manipulative experiments.
In this paper, we present a likelihood-based regression method that we have developed to analyze the combined effects of (1) neighborhood competitive interactions and (2) hurricane disturbance on tree growth and survival. We use data from the Luquillo Forest Dynamics Plot (LFDP), a permanent 16-ha plot in the Luquillo Mountains of Puerto Rico. Our approach allows us to test hypotheses by using likelihood ratio tests to compare alternate regression models. These new analyses allow us: (1) to empirically quantify the effects of the spatial configuration, size, and species of neighboring trees on the growth and survival of dominant target tree species; (2) to determine the effects of different levels of hurricane damage on the subsequent responses of species to competition, and the effects of hurricane damage to neighbors on their competitive effects on focal trees; and (3) to compare models that make different assumptions about the effects of different competing species on focal tree growth and survival (e.g., equivalence of competitors vs. distinct species-specific effects).
MATERIALS AND METHODS

Study area and field methods
The Luquillo Forest Dynamics Plot (LFDP), previously known as the Hurricane Recovery Plot (Zimmerman et al. 1994) , is a 16-ha forest plot (with southwest corner at 18Њ20Ј N, 65Њ49Ј W) located near El Verde Field Station in the Luquillo Mountains of northeastern Puerto Rico. The plot is 500 m from north to south and 320 m from east to west, and is divided into four hundred 20 ϫ 20 m quadrats, with each quadrat subdivided into sixteen 5 ϫ 5 m subquadrats. Vegetation and topography of this research area are typical of the tabonuco (Dacryodes excelsa) forest zone. The forest is classified as subtropical wet in the Holdridge life zone system (Ewel and Whitmore 1973) and tropical montane in Walsh's (1966) tropical climate system. Rainfall averages 3500 mm/yr. Elevation ranges from 333 m to 428 m above sea level. All of the soils are formed from volcaniclastic rock (Soil Survey Staff 1995) . Information from the LFDP contributes to the efforts of the Center for Tropical Forest Science (CTFS, Smithsonian Tropical Research Institute, Washington, D.C., USA) network of large tropical forest plots, a research effort aimed at furthering our understanding of tropical forests (Condit and LaFrankie, in press ).
The LFDP is unique among the CTFS sites as it has a history of both land use disturbance and hurricane damage. These two disturbance types interact and influence the species composition and community dynamics in the LFDP. A full description of the land use history of the plot can be found in Thompson et al. (2002) . In summary, the northern area (approximately two-thirds of the plot) was disturbed by tree felling and farming until 1934 when the land was purchased by United States Department of Agriculture, Forest Service. The southern third was not farmed and only suffered relatively light disturbance from selective log-SPATIAL ANALYSIS TREE GROWTH AND SURVIVAL Walker et al. 1991) .
The LFDP was established in 1990. Censuses are carried out every five years and follow CTFS protocols with a few minor modifications (Condit 1998 , Thompson et al. 2002 . All freestanding woody stems in the LFDP study area are tagged, identified to species, and their diameter at breast height (diameter at 130 cm above the ground) measured. Trees are identified by sight in the field or from voucher specimens. Nomenclature follows Liogier (1985 Liogier ( , 1988 Liogier ( , 1994 Liogier ( , 1995 Liogier ( , 1997 . In addition, individuals Ͼ10 cm in diameter at breast height (dbh) are mapped within the plot. Individuals Ͻ10 cm dbh are simply assigned to a 5 ϫ 5 m subquadrat without determining specific coordinates. For our model, individuals smaller than 10 cm dbh were assigned random coordinates within their 5 ϫ 5 m subquadrats.
The first LFDP census started in 1990, the year after Hurricane Hugo (September 1989 ). An inventory of all stems Ն10 cm dbh was carried out between July 1990 and February 1992. This included a survey (September 1990 to February 1991 for trees killed or damaged by Hurricane Hugo to prevent loss of data due to decomposition (Zimmerman et al. 1994) . Clearly, quantification of hurricane damage includes many qualitative details (e.g., damage to the stem, degree of crown loss). This qualitative assessment of damage must be translated into a relatively simple categorical classification scheme to be useful to our modeling exercise. The scheme must also be relatively simple so as to minimize the number of additional parameters that will have to be estimated. For instance, inclusion of 10 categories of damage would require that each target species contain enough individuals in each damage category to derive robust parameter estimates. For these reasons we settled on a simple, straightforward rationale for three categories of damage: damage for each stem Ն10 cm dbh was assessed as none (undamaged), medium (a combination of branch damage and crown break with no stem damage), or complete (heavily damaged with stem snapped, root break, or tip up). Completely damaged stems were identified to species from bark and tree form. A second inventory, of all previously unrecorded live stems Ն1 cm dbh, was carried out from May 1992 to September 1993. These two inventories constitute the first census of the LFDP. The second LFDP census was carried out between November 1994 and October 1996. This census consisted of only one survey of all stems Ն1 cm dbh. In addition, the status of each tree, as dead or alive, was recorded in the second census. See Thompson et al. (2002) for details of census methods.
The LFDP contains 89 species of trees with stems Ն10 cm dbh distributed in 72 genera and 38 families (Thompson et al. 2002) . Prestoea acuminata, Casearia arborea, and Dacryodes excelsa make up nearly 50% of all adult stems in the LFDP (Table 1) . Other common species include Alchornea latifolia, Buchenavia tetraphylla, Cecropia schreberiana, Guarea guidonia, Inga laurina, Manilkara bidentata, Schefflera morototoni, Sloanea berteriana, and Tabebuia heterophylla. Fortyfive of the 89 tree species in the LFDP are rare (Ͻ1 stem Ն10 cm dbh/ha) and Ͼ75% of species have Ͻ5 stems/ha.
The rarity of the majority of species at the LFDP presents a special challenge for our modeling efforts. Rare species cannot provide sufficient data for reliable parameter estimation for our model. Thus, we limited our analyses to 12 target species that are relatively common on the LFDP and represent a wide range of life history strategies (Table 1) . Even after this simplification, our neighborhood approach requires that we group competing neighbors using criteria that capture their potentially different effects on the growth and survival of target species. Historically, forest modelers have used a variety of grouping criteria including taxonomic affinity, ecological guilds, similar growth dy-FIG. 1. Sapling mortality vs. adult susceptibility to hurricanes for all species with more than one stem Ͼ10 cm dbh/ ha. Species inside the same oval were grouped for the neighborhood analyses. A key to these 30 species codes is given in Appendix A.
namics, and several statistical approaches (see review in Vanclay 1995) .
Criteria for grouping species
We classified rare species into six groups. The first group included all species that occurred at densities of Ͻ1 stem Ն10 cm dbh/ha (i.e., rare species; see Appendix A). For the remaining scarce species, we used ecological criteria that classified species into five groups according to their response to hurricane damage. Studies in Puerto Rico and elsewhere in the Caribbean suggest that hurricanes play a crucial role in structuring forests in this region (Walker et al. , 1996 . For trees, hurricanes cause damage by breakage or uprooting and alter regeneration patterns by increasing light penetration to the understory. Thus, we used two ecological grouping criteria for species present at the LFDP: (1) adult susceptibility to hurricane damage, and (2) the ability of saplings to survive under shaded conditions. The first criterion determines the likelihood that a gap will be formed as a result of damage to an adult tree. The second determines the long-term survival of new saplings that grow after a hurricane damages the canopy and die as the canopy recovers. Data collected in the rapid survey after Hurricane Hugo provided species-specific estimates for the first grouping criteria, susceptibility to hurricane damage. Sapling survival estimates were obtained from species-specific survival in the second census period.
To create the five groups, we plotted susceptibility to hurricane damage (percentage of damaged stems Ն10 cm dbh) vs. sapling mortality in response to shading (percentage of dead stems; Fig. 1 ). Correlation between these two traits was high (R 2 ϭ 0.57, Fig. 1 ) lending support to a previous study at the LFDP that found a tradeoff between shade tolerance and frequency of broken stems after Hurricane Hugo (Zimmerman et al. 1994) . Species that were similar in these two traits were lumped into single groups yielding five competitor groups ( Fig. 1 ; Appendix A). For instance, Group 2 contained those species with 25-30% sapling mortality in the shade and Ͼ30% adult mortality in response to hurricane damage. We created an additional neighbor species category for the shrub Psychotria berteriana. This shrub became the most numerous species (in total number of stems) at the site after Hurricane Hugo damage, as it responded dramatically to increased light penetration to the understory. Psychotria berteriana rarely reached Ͼ10 cm dbh but the high densities it attained in the understory led us to believe that it might have important effects on saplings of the canopy tree species.
A maximum-likelihood model of neighborhood competition at the LFDP We used data from the LFDP study area to develop and test a spatially explicit, maximum-likelihood, neighborhood model of target tree growth for 11 of the 12 common species at this site (Table 1) . Although the palm Prestoea acuminata is the most abundant species at the site, we did not analyze it as a target because diameter measurements do not reflect growth for this species. However, P. acuminata was included as a competing neighbor for all target species. The survival analyses included all 12 species.
Our growth model assumes that each target species has a maximum potential growth rate, which is adjusted to account for the size and taxonomic identity of the SPATIAL ANALYSIS TREE GROWTH AND SURVIVAL target, the structure and composition of its neighborhood, and previous hurricane damage to either target or neighbors. A similar approach was used to estimate probability of survival for each individual stem. Our model takes the following form:
where g and s are predicted growth and survival, respectively, g m and s m are maximum potential growth and survival, denotes hurricane effects, ␦ is the size effect, and v is the neighborhood effect.
Hurricane effects.-Hurricane effects are taken into account at two levels. Previous hurricane damage affects potential maximum growth rate and probability of survival of the target tree species. Damage also alters the crowding effects of neighbors (see Materials and Methods: Neighborhood effects) . The three categories of damage (i.e., none, medium, and complete) recorded after Hurricane Hugo supplied an index of prior hurricane damage to both target and neighbors.
Size effects on growth.-Size effects are calculated using traditional forest growth equations. Potential radial growth is assumed to vary with the dbh of the target tree. We use a lognormal function for the shape of this effect, because it is flexible and supported by both theoretical and empirical evidence (Zeide 1993) :
where g m is the maximum potential radial growth (measured in cm/yr; i.e., at the peak of the lognormal shape), X 0 is the dbh (of the target tree) at which maximum growth occurs, and X b determines the breadth of the function. This functional form is flexible enough that for the effective range of trees, the shape can be monotonically increasing (i.e., when X 0 is very large), decreasing (i.e., when X 0 is very small), or have a single ''hump'' and a skew to the left when X 0 is within the normal range of dbh.
Size effects on survivorship.-There is little agreement in the literature about the shape of the relationship of survivorship and diameter. Higher rates of mortality typically occur at smaller size classes but it is difficult to determine empirically whether this mortality results from size per se (e.g., low buffering capacity in stressful conditions) or from greater crowding at smaller size classes (e.g., high sapling densities in gaps). There is also evidence that rates of mortality increase with age as trees become senescent, and that size-dependent mortality for trees is probably U-shaped (Buchman et al. 1983 , Lorimer and Frelich 1984 , Harcombe 1987 , Monserud and Sterba 1999 . We used an equation parallel to Eq. 2a to estimate the mean potential survival of each of the target trees (i.e., in the absence of any crowding or shading), as a function of variation in dbh because it can take a U shape if the estimates of X 0 and X b take low values. Probability of survival is estimated as
Neighborhood effects.-Our analysis of the effects of neighborhood crowding relies on the long tradition of distance-dependent analyses of competition, in which target tree growth is analyzed as a function of the sizes and distances to neighboring, competitor trees (e.g., Bella 1971 , Hegyi 1974 , Lorimer 1983 , Wimberly and Bare 1996 , Wagner and Radosevich 1998 , Vettenranta 1999 . The net effect of a neighboring tree on the growth of a target tree of a given species is assumed to vary as a direct function of the size of the neighbor, and as an inverse function of the distance to the neighbor. Most previous studies have assumed that all species of competitors are equivalent. In our analysis, the net effect of an individual neighbor is multiplied by a species-specific scalar s that ranges from zero to one and allows for differences among species in their competitive effect on a target tree species. Then, for i ϭ 1. . . S species and j ϭ 1. . . n neighbors of species k within a maximum radius (R) around a target tree species, the neighborhood competition index (NCI), an index of net competitive pressure on the target tree, is given by:
where ␣ and ␤ are estimated by the analyses (rather than set arbitrarily as in previous studies), and determine the shape of the effect of the dbh (␣) and the distance (␤) to the neighbor on NCI. The coefficient ␥ adjusts the effect of NCI when the sensitivity of target trees to crowding is a function of target size. Our computational procedures standardize the values of s by setting the highest value that takes for all neighbors of a given target species equal to 1.0 and dividing the remaining s by the maximum value. Our analysis also estimates R, the effective neighborhood radius, as a fraction of the maximum neighborhood radius established to be 20 m. To keep the number of parameters in the model manageable, ␣ and ␤ are assumed to be equal for all species of neighbors. The parameter is drawn from a vector with three possible values that correspond to the level of previous hurricane damage to a neighboring tree ( 0 ϭ 1 if not damaged, 1 Ͻ 1 if medium damage, and 2 Ͻ 1 for complete canopy loss). Neighborhood effects (v) are translated into actual growth by using a negative exponential function of the NCI:
NCI max
where C and D are species-specific estimated parameters, and NCI i is the neighborhood competition index for focal sapling i, and NCI max is the maximum value Ecological Monographs Vol. 74, No. 4 FIG. 2. Effects of neighborhood competition on target growth for two hypothetical species. Species A exhibits a sharp exponential decline in growth with a small amount of crowding. The growth of Species B only declines after a minimum crowding threshold has been reached. The growth multiplier ranges from 0 to 1 and adjusts maximum potential growth to account for neighbor effects.
of NCI for all saplings of the focal species. The use of NCI max standardizes the neighborhood effects term and facilitates comparisons across focal species. Eqs. 3 and 4 are also used to calculate crowding effects on mortality. In our formulation of the effects of crowding on the growth and survival of individual trees we wanted a function that could model species that respond differently to neighbors. We used Eq. 4 because it allows for considerable flexibility in the shape of the functional dependence of growth and survival on the NCI. For example, Fig. 2 illustrates very different responses by two hypothetical species, one that is very sensitive to neighborhood competition and exhibits a rapid exponential decline in realized growth with increases in NCI, and another species that exhibits a minimum threshold response. The ratio of parameter D to parameter C is small in the first species and larger in the second species. To avoid edge effects, we excluded from the analyses all target trees that were within 10 m of the edge of the plot.
Likelihood estimation, hypothesis testing, and comparison of alternate models
Our approach follows directly from the principles of likelihood estimation (e.g., Hillborn and Mangel 1997) and estimates model parameters that maximize the likelihood of observing the actual overall growth or mortality data for a given target species given the model. Separate analyses were conducted for each target species. We obtained the data for testing the models from the 1990 and 1995 censuses of the LFDP 16-ha plot. The difference in dbh between the first and second census was used to calculate annual growth rate for each tree. Annual mortality estimates were obtained from actual status records from the second census plus time lapsed between censuses for each individual tree. The three categories of damage (none, medium, and complete) recorded after Hurricane Hugo supplied an index of prior hurricane damage to each target tree Ն10 cm dbh. For each analysis of the growth or survival of a target tree species, the model described by Eq. 1 requires estimation of n ϩ 13 parameters for n species of competitors. Table 2 provides a complete list and initial range values of all model parameters. Initial parameter ranges were established to provide maximum flexibility while staying within biologically realistic values. For instance, X 0 , the tree size at which maximum growth occurs, was bounded between 0 cm and 200 cm as all trees at the LFDP are within this size range.
Eq. 5 provides the likelihood function for observing a given growth in tree i. Note that we use the negative of the logarithm of the likelihood, so that the most likely function is the one that makes the negative log likelihood as small as possible. Our likelihood function assumes that the residuals (i.e., the difference between observed and predicted growth) approximate a normal distribution (Mangel and Clark 1997) . Thus, parameter values that maximize the log likelihood will be those that minimize the square deviation between observed and predicted values (as in traditional regression analyses):
Eq. 6 provides the likelihood function for probability of survival for our data where p i is the probability of observing that a tree of a given species, size, and neighborhood is alive, and (1 Ϫ p i ) is the likelihood of observing that the tree died. Thus, the log likelihood of observing the entire data set for a given target species, given a set of parameter values is log likelihood (data/model)
The log likelihoods in Eqs. 5 and 6 assume inde- pendence among observations (target trees). If present, strong autocorrelation among observations would produce biased underestimates of parameter variance, but both the parameter estimates themselves and comparisons of models using likelihood ratio tests are generally unaffected by spatial autocorrelation among the observations . This is one of the benefits of using likelihood ratio tests for hypothesis testing (i.e., statistical comparison of alternate models). We used simulated annealing, a global optimization procedure, to determine the most likely parameters (i.e., the parameters that maximize the log likelihood), given our observed data (Goffe et al. 1994) . We ran the algorithm for at least 200 000 iterations and considered it to have converged if it did not change in likelihood in three temperature drops after the initial 200 000 iterations. In general, models with a larger number of parameters converged after a greater number of iterations than simpler models.
Parsimony suggests the strategy of systematically reducing the number of distinct parameters to the simplest model that is not a significantly worse fit than any more complicated model (for instance, by lumping species that have similar life histories, or dropping terms like size effects if they do not appear to improve the likelihood of the model). One of our motivations for this study was to provide parameter estimates to model the long-term effects of neighborhood competition on forest dynamics (using SORTIE; Pacala et al. 1996) . Thus, one of our goals was to determine the most likely parameter values for each species given our data. For each target species analysis, we first tested whether including the effects of hurricanes on either targets or neighbors (parameters and in Eqs. 1 and 3) improved the predictive ability of the model.
A secondary motivation for this study was to explore the nature of competitive interactions in the community. Thus, we also explicitly tested five alternate, nested models that made different assumptions about the nature of competitive interactions between target species (Tables 3, 4 ). (1) The ''full'' model assumed that each competing species (i.e., species listed in Table 1 plus the seven species groups) had a distinct and unique effect on each target. (2) For each target species, we then grouped competitors that had similar estimated competitive coefficients ( i ) in the full model. We used these parsimonious groupings of species to lower the number of parameters by considering species in the same groups to have identical competitive effects ( i ) on the target. For instance, if the competitive effects of Caseria arborea and Dacryodes excelsa on Cecropia schreberiana were similar (i.e., they had overlapping estimates of competitive coefficients, i 's), we tested a ''mixed'' model that grouped these two species in the same competitor group and had one less parameter than the ''full'' model. Note that these ''mixed'' model species groupings are distinct from ecological groupings that were created prior to the analyses (see Materials and Methods: Criteria for grouping species). (3) We also tested a third model that differentiated only between conspecific and heterospecific neighbors. (4) Our simplest competition model assumed that all competitors had equivalent effects on the target regardless of taxonomic identity. There are a number of very inter- esting and fundamental hypotheses embedded in these tests: one of the most basic is functional equivalence of competitors. (5) Finally, a model that included only size effects provided a null model against which to compare the significance and magnitude of competitive interactions in determining tree growth and survival. Appendix B lists all models included in the analyses. Alternate models were compared using likelihood ratio tests (Hilborn and Mangel 1997) , with degrees of freedom equal to the difference in the number of parameters between the two nested models. This method tests whether the inclusion of additional parameters in the model results in a significant improvement in the likelihood. For normally distributed residuals, this is also strictly analogous to whether there is a significant improvement in goodness of fit as measured by R 2 . The tests thus allow explicit tests of the hypotheses that are implicit in the comparison of alternate models. For example, to test whether there are significant differences among species of neighbors in their effect on a target tree species, we compared the likelihood of a model with all species groups (''full'' model) with a simpler model in which all neighboring trees were lumped into one group (''equivalent competitor model''). We also compared these ''extreme'' models with intermediate nested models that distinguished between conspecific and heterospecific competitors or considered functional groupings of competitors (''mixed'' model).
We calculated asymptotic 95% support limits (Hillborn and Mangel 1997) for each of the parameters by holding all other parameters at their maximum-likelihood value and then systematically increasing or decreasing the parameter of interest until the likelihood of the resulting model was significantly worse (at the 5% alpha level) than the maximum-likelihood model, using twice the difference in log likelihoods of the two models as a chi square statistic with 1 df (i.e., a likelihood ratio test; Hillborn and Mangel 1997) .
We assessed the goodness of fit of our growth models using traditional regression methods (R 2 ), and the slope of the regression (with a zero intercept) of observed radial growth on predicted radial growth was used to measure bias, with an unbiased model having a slope of one. For mortality analyses, we had to choose from a variety of techniques that are used to assess the goodness of fit of logistic regression models (Demaris 1992) . We used the following approach: (1) for each tree in the dataset we calculated the predicted probability of survival given the maximum-likelihood parameters, and (2) using the entire dataset, we then grouped the predicted probabilities of survival into classes (0-10%, 10-20%, and so forth) and computed the percentage of trees in that category that were actually alive. Thus, for individuals predicted to have a 0-10% probability of survival, a model that fits well will have ϳ5% of the individuals alive. This method gives us a visual way to compare ''observed'' with ''expected'' given the model. The benefit of this approach is that it is easy to see if the model fits equally well across the entire range of predicted probabilities or whether it falls apart within some particular ranges.
RESULTS
Likelihood and goodness of fit of alternate growth and survival models
Growth.-We estimated maximum-likelihood parameter values for a series of alternate, nested growth models for the selected target species (Table 3) . For all 11 target species, the best model identified different functional groupings of species (mixed model option; Table 3 ). For Cecropia schreberiana, Dacryodes excelsa, Guarea guidonia, Inga laurina, Manilkara bidentata, and Sloanea berteriana, the most parsimonious growth model included effects of hurricane damage (i.e., the difference in log likelihood between the ''full model'' with hurricane effects and the ''full model without hurricane effects'' was greater than the P ϭ 0.05 critical value for a likelihood ratio test with 4 df). For the remainder of target species, the simpler model without hurricane effects was not significantly lower in likelihood than the full model (i.e., difference in log likelihood between models with and without hurricane damage was Ͻ4.74).
All of the models produced unbiased estimates of radial growth, with a slope of 1 between predicted and observed, and symmetrically distributed residuals. The percentage of variance explained by the best models ranged from only 9% for Tabebuia heterophylla to 40% in Buchenavia tetraphylla (Table 3) . For all species, the variance in radial growth was proportional to the mean. Neither the likelihood estimation methods we used to fit the models, nor the likelihood ratio statistics we used to compare the models, are particularly sensitive to heteroscedasticity, so we did not attempt to transform the growth rates to homogenize the variance before fitting the models.
Survival.-We also compared several nested survival models using likelihood ratio tests. For five of the species (Dacryodes excelsa, Inga laurina, Manilkara bidentata, Sloanea berteriana, and Tabebuia heterophylla), a simplified model that ignored differences in the identities of neighboring species (i.e., estimated a single competitive effect regardless of species of neighbor) was the most parsimonious model (i.e., did not have significantly lower likelihood and had fewer parameters than the model that estimated separate competitive coefficient values for each species of neighbor; Ecological Monographs Vol. 74, No. 4 FIG. 3. Goodness of fit of the maximum-likelihood analysis of probability of survival for 12 target species as a function of hurricane damage, size of the target, and crowding effects. We used the following approach: (a) For each tree in the data set we calculated the predicted probability of survival given the maximum-likelihood parameters, and (b) using the entire data set, we then grouped the predicted probabilities of survival into classes (0-10%, 10-20%, and so forth) and computed the percentage of trees in that category that were actually alive (observed). The number of observations for each probability of survival category is indicated next to each data point. Table 4 ). For the remaining seven species (Alchornea latifolia, Buchenavia tetraphylla, Casearia arborea, Cecropia schreberiana, Guarea guidonia, Prestoea acuminata and Schefflera morototoni), models that distinguished between conspecific and heterospecific competitors or considered functional groupings of competitors provided a significantly better fit. For all 12 species, the most likely survival model included effects of hurricane damage (Table 4) .
In general, our method of likelihood estimation produced a good fit to the overall data set. The fit was particularly good throughout the range of predicted mortality values for species with high mortality rates (e.g., pioneers such as Cecropia schreberiana and Schefflera morototoni; Fig. 3 ). The relationship between observed and predicted probability of survival breaks down at the low end of the range for secondary and late-successional species (i.e., Inga laurina or Dacryodes excelsa in Fig. 3) . Most of these species had few dead individuals and thus our fitted model did not represent the lower range of predicted survival values. 
Effects of dbh on potential radial growth and survivorship
Growth.-Our analyses allowed us to estimate the mean potential radial growth of trees of each of the target trees (i.e., in the absence of any crowding or shading) as a function of variation in dbh (Fig. 4) . In effect, the predicted mean growth rates in Fig. 4 are the expected growth rates for a tree completely released from competition with neighboring trees. The shapes of the relationships shown in Fig. 4 are controlled by three of the estimated parameters in Table  5 : Maximum Growth, which determines the height of the peak; X 0 , which determines the dbh at which peak growth occurs; and X b , which determines the breadth of the distribution. For instance, the pioneer Cecropia schreberiana was predicted to have highest mean, potential, radial growth of 30.23 mm/yr (Maximum Growth). Maximum growth occurred at a relatively small size (X 0 ϭ 10.75 cm dbh), and there was a rapid decline in growth with increasing size (X b ϭ 1.07; Table 5 and Fig. 4) . The function for Schefflera morototoni, the other pioneer species, was similar in shape, with lower maximum growth. The peak of growth for Dacryodes excelsa (a late-successional species) and for Alchornea latifolia and Casearia arborea (secondary-successional species) occurred at a larger size or the shape of the distribution was considerably flatter than for pioneer species. The remainder of target species had greater growth at large size classes and the function was, in fact, fairly flat across the range of canopy tree sizes.
Survival.-There has been relatively little prior research on the fundamental shape of the relationship of mortality to tree diameter. Greater rates of mortality typically occur at smaller size classes but it is difficult to determine empirically whether this mortality results from size per se or from typically greater crowding at smaller size classes. Our results (likelihood ratio tests) clearly indicate that size effects alone are not sufficient to explain survival for the majority of target species (Table 4) . Moreover, our approach allowed us to estimate the mean potential survival of trees of each of the target trees (i.e., in the absence of any crowding or shading), as a function of variation in dbh (Fig. 5) . Thus, Fig. 5 illustrates the predicted species-specific survival for a tree completely released from competition with neighboring trees. The shapes of the relationships shown in Fig. 5 are controlled by three of the estimated parameters in Table 6 : Maximum Probability Survival, which determines the height of the peak; X 0 , which determines the dbh at which peak survival occurs; and X b , which determines the breadth of the distribution. For example, the pioneer species Cecropia schreberiana was predicted to have highest mean potential survival of 0.99/yr (Maximum Probability of Survival). As with growth for this species, maximum survival occurred at a small size (X 0 ϭ 8.45 cm dbh), and declined rapidly as stems increased in dbh (X b ϭ 1.85; Table 6 ). The function for survival of the two pioneer species, Schefflera morototoni and Cecropia schreberiana, and for the secondary-successional species Casearia arborea, showed that survival rate declined steeply as stem diameter increased. For the remainder of the target species there is little evidence that size affects probability of survival. a fraction, R, of the specified initial maximum mapped radius (20 m). On average, growth of target species responded to neighbors within a distance of 13.78 m (Table 5) . Effective neighborhood radii ranged from 3.2 m for Buchenavia tetraphylla to 19.84 m for Cecropia schereberiana (Table 5 ). The effects of distance between neighbors and target trees on NCI varied strikingly depending on the target tree species (␤ exponent; Table 5 ). For instance, the effects of neighbors on the growth of Dacryodes excelsa declined slightly less than linearly with distance to the neighbor (␤ ϭ 0.86), while for Alchornea latifolia, the effects declined as roughly the square root of distance to neighbor (␤ ϭ 0.50). Within the effective neighborhood of Buchenavia tetraphylla, there was very little decline in the effects of neighbors with distance (␤ ϭ 0.09).
Effects of neighboring tree distance and
The exponent ␣ in NCI controls the scaling of the effects of neighbor tree size on NCI, and hence on target tree growth. For Guarea guidonia, Manilkara bidentata, and Tabebuia heterophylla target trees, the exponent was close to two ( Table 5 ), indicating that the competitive effects of neighbors were scaled to basal area of neighboring competitors (i.e., dbh 2 ). For Casearia arborea, Cecropia schreberiana, Inga laurina, Schefflera morototoni, and Sloanea berteriana the competitive effects of neighbors were scaled as approximately a 3/2 power of the dbh of the neighbor (i.e., ␣ ϭ 1.5). For Alchornea latifolia, larger neighboring trees had a disproportionately large effect on its growth (␣ ϭ 2.81).
Survival.-Probability of survival was predicted to respond to competitors within a smaller effective neighborhood radius (mean effective neighborhood radius ϭ 11.85 m) than growth. The range of effective neighborhood radii for the survival model ranged from 4.2 m for Sloanea berteriana to approximately 14 m for Cecropia schreberiana and Casearia arborea (Table 6).
For the survival model, the effects of distance between neighbors and target trees on NCI varied strikingly depending upon the target tree species (␤ exponent; Table 6 ). The effects of neighbors on the survival of Sloanea berteriana declined sharply with distance to neighbors (␤ ϭ 2.76), while for the remainder of target species the decline was far more gradual.
The exponent ␣ in NCI controls the scaling of the effects of neighbor tree size on NCI (and hence on target tree survival). For Cecropia schreberiana target trees, the exponent was slightly Ͼ2 (i.e., ␣ ϭ 2.01; Table 6 ), indicating that the competitive effects of neighbors on target survival were scaled to neighbor basal area (i.e., dbh 2 ). For Buchenavia tetraphylla, Casearia arborea, Manilkara bidentata, and Sloanea berteriana, ␣ was considerably Ͼ2, indicating that a larger neighbor tree has a disproportionately bigger effect on the probability of survival of the target.
Relative effects of crowding on tree growth
and survival Growth.-The trees of each of the target species experienced a wide range of crowding conditions. 47 (113.27-125.72) 3.04 (3.01-3.14)
0.11 (0.08-0.12) 193.9 (191.96-195.84) 3.54 illustrates the decline in target growth across the range of actual neighborhood crowding conditions for each target species. This range is a function of the actual neighborhood composition of each target species at the LFDP, the estimated neighborhood radius, and the value of estimated parameters. The magnitudes of the C and D parameters (Table 5) provide an approximate measure of the amount of reduction in radial growth due to an incremental increase in crowding (NCI). The parameter C determines the steepness of the decline in growth with an increase in NCI while D determines the degree of crowding at which the decline becomes more marked. If D is ϳ1, then growth declines as an exponential function of crowding. For species where the values of D are Ͼ1 (e.g., Schefflera morototoni, Table  5 ) there is a ''shoulder'' to the function, where growth initially declines slowly with increasing crowding, and then drops off exponentially. As crowding pressure (NCI) increased, the growth of the two pioneer tree species, Cecropia schreberiana and Schefflera morototoni, declined very steeply (C ϭ 7.18 and C ϭ 9.61, respectively; see Fig. 6 ). For the remainder of target species, the decline in growth with increasing crowding was less steep (Fig. 5) . For two-thirds of species, negative estimated values for the coefficient ␥ indicated that smaller trees were more sensitive to crowding than larger trees (Table 5) . As expected, small trees of pioneer species were markedly susceptible to neighborhood crowding (␥ ϭ Ϫ0.53 and Ϫ1.23, respectively, for Cecropia schreberiana and Schefflera morototoni). For the remaining one-third of target species, bigger trees were more sensitive to crowding.
Survival.-The magnitudes of the C and D parameters (Table 6 ) provide an approximate measure of the reduction in the probability of survival due to an incremental increase in crowding (NCI). Crowding had little effect on probability of survival for Sloanea berteriana (Fig. 7) . For the remainder of target species, the decline in survival with increasing crowding was steep, particularly for pioneers such as Cecropia schereberiana and some secondary forest species such as Alchornea latifolia and Prestoea acuminata. Probability of survival was markedly lower for small target trees as indicated by the strongly negative values of ␥, the parameter that determines susceptibility to crowding as a function of size (Table 6) .
Effects of hurricane damage on growth and survival
Growth.-The effects of Hurricane Hugo damage on potential maximum growth rate of the target ( parameter) varied greatly depending both on the taxonomic identity of the target and the degree of damage. Trees heavily damaged by the hurricane grew 3-47% of their potential maximum, whereas trees that had only suffered medium damage (e.g., loss of large branches) grew 25-95% of their potential maximum (Table 5) . Damage also altered the crowding effects of neighbors (parameter ). Damaged neighbors had much weaker effects on the growth of targets than undamaged competitors. For instance, heavily damaged neighbors of Guarea guidonia had only 27% of the crowding effect of a comparable healthy neighbor ( ϭ 0.27), whereas neighbors that had suffered medium damage had 89% of the effect of a comparable healthy neighbor ( ϭ 0.89).
Survival.-The effect of previous hurricane damage on potential survival of the target ( parameter) was less marked than its effect on growth as estimated by the value of parameter . Trees heavily damaged by the hurricane survived to 68-92% of their potential. Damage of medium severity did not, in fact, alter maximum probability of survival (i.e., support intervals for contained 1.0) for most species (Table 6) . Nevertheless, damage altered the crowding effects of neighbors (parameter ) on target survival. In general, damaged neighbors had significantly weaker effects on the survival of targets than undamaged neighbors. SPATIAL ANALYSIS TREE GROWTH AND SURVIVAL Table 4 . See Table 1 for scientific names of target species. Pioneer species are indicated with open symbols, secondary species with gray symbols, and late-successional species with solid symbols.
For instance, a neighbor of Dacryodes excelsa that had received medium damage had, on average, only 3% of the effect of a comparable undamaged neighbor.
The nature of competitive coefficients
Growth.-Our analyses indicate striking variation in the effects of crowding (as measured by s , our speciesspecific competition index), depending on both the identity of the target tree and neighbors (Table 7) . For all 11 species for which the growth model was estimated, a simplified model that ignored differences in the identities of neighboring species (i.e., estimated a single regardless of species of neighbor) had a significantly lower likelihood than the model that estimated separate values for each species of neighbor (P values for likelihood ratio test values for comparisons of ''full'' vs. ''equivalent competitor'' models were all Ͻ0.05). For all of the target species, the most Table 4 . See Table 1 for scientific names of target species. Pioneer species are indicated with open symbols, secondary species with gray symbols, and late-successional species with solid symbols.
parsimonious model distinguished conspecific competitors and included three or four functional groupings of neighboring heterospecific competitors (Table 3) . These functional groupings were idiosyncratic for each target species (Table 7) .
Survival.-Species-specific variation in the effects of crowding (as measured by s , our species-specific competition index) on survival was also high (Table   8 ). With the exception of Dacryodes excelsa, Manilkara bidentata, Inga laurina, Sloanea berteriana, and Tabebuia heterophylla, a simplified model that ignored differences in the identities of neighboring species (i.e., estimated a single regardless of species of neighbor) had lower likelihood than the model that estimated separate values for each species of neighbor (Table 4) . For Alchornea latifolia, an alternate model that simply differentiated between conspecific and heterospecific competitors was the most parsimonious (Table 4) . For Buchenavia tetraphylla, Casearia arborea, Cecropia schreberiana, Guarea guidonia, Prestoea acuminata, and Schefflera morototoni, the most parsimonious model included four to five functional groupings of neighboring heterospecific competitors (Table 4 and 6).
Magnitude of neighborhood effects on growth and survival
To illustrate the magnitude of neighborhood effects on growth and survival, we used estimated parameters for the most parsimonious model for one of the target species to calculate the decline in growth and survival from a standardized neighborhood around a 5-cm dbh target sapling. For instance, maximum annual growth for a 5-cm Cecropia schreberiana tree was estimated at 23.4 mm/yr (Table 3) . A 5-cm sapling of this same species growing at a distance of 5 m from a 10-cm conspecific neighbor is expected to grow only 20.59 mm/yr (Fig. 8 ). An identical Alchornea latifolia neighbor at the same distance will only decrease the growth of this tree to 22.57 mm/yr (Fig. 8) .
DISCUSSION
Our likelihood method shows great potential for modeling tree growth and survival in tropical forests. The goodness of fit of the growth model (R 2 ) is comparable to that obtained in other tropical forests ( Vanclay 1991 , Chai and LeMay 1993 , Moravie et al. 1999 , Gourlet-Fleury and Houllier 2000 . The fit of the mortality model was also quite good, particularly for lightdemanding species. The added benefits of our method are that (1) it can be applied to all stems in uneven aged stands, while previous efforts used only adult trees or data from stands with uniform size distributions; (2) it disentangles the effects of crowding and size on tree growth and mortality; and (3) it provides robust estimates for the value of per capita competitive coefficients (s) for individual species. The method is also sufficiently general to apply to a broad range of forests and only requires repeated census data. Suitable data for tropical forests are becoming available through a recently established network of permanent forest plots throughout the tropics (Condit 1998) .
Size effects
Growth.-Species at the Luquillo Forest Dynamics Plot (LFDP) display great variation in size-dependent growth. As expected, pioneers displayed highest growth at smaller size categories. Three other species, Alchornea latifolia, Casearia arborea, and Dacryodes excelsa also showed highest growth in small size classes. In the continuum from pioneer to shade-tolerant life histories, Alchornea latifolia and Casearia arborea can be classified as ''non-pioneer light demanding species (Swaine and Whitmore 1988) . These are species that can establish successfully in the shade but grow best at relatively high light levels. The third species, D. excelsa, is a mature forest species that can germinate and persist in the shade but has the potential to grow fast under favorable conditions (e.g., when they reach the canopy or in temporary canopy gaps; cf., Canham 1988) . These results lend support to the notion that tropical tree life histories may not obey simplistic tradeoffs between shade tolerance and the ability to grow in full sun but rather display complex ontogenies in response to gradients in light availability (Swaine and Whitmore 1988 , Clark and Clark 1992 , Wyckoff and Clark 2002 .
Survival.-There is scarce empirical or theoretical support to justify a particular functional form for the shape of the relationship between size and survival. In general, empirical studies suggest that the high mortality rates found in small diameter size classes decrease as trees get larger and develop structural support and acquire reserves to withstand environmental stresses (Lieberman et al. 1985 , Clark and Clark 1992 , Condit et al. 1995 , Blundell and Peart 2001 . Unfortunately, it is impossible to determine from available data on juvenile mortality whether higher mortality rates in small size classes are a result of greater crowding in these size classes (e.g., dense regeneration in gaps) or some inherent cost of being small (e.g., absence of physiological buffering capacity).
To overcome these potential difficulties, we used an approach that allowed us to estimate the mean potential survival of trees of each of the target species as a function of variation in diameter, in the absence of crowding (Fig. 5) . In general, mortality was higher at smaller size classes but the relationship was quite flat for the majority of target species. Although the model that included only size effects was, for the most part, not supported, the estimated values of ␥ for the survival model suggest that greater mortality in small size classes is driven in large part by greater susceptibility to crowding in small trees. Our results also suggest that size-dependent susceptibility to crowding is important but not sufficient to account for mortality of some species at the LFDP. The two pioneer species, Cecropia schreberiana and Schefflera morototoni, and some of the light-demanding secondary-successional species, such as Casearia arborea, have high growth and respiration rates (Silander 1979) and may be less able to withstand unfavorable resource conditions, structural damage, or tissue losses to pathogens, even in the absence of competitors (Kobe 1999) . In contrast, mature forest species such as Manilkara bidentata show little change in mortality across a range of size classes. There is some empirical evidence that mature-phase, shade tolerant species suffer low juvenile mortality perhaps as a consequence of lower maintenance costs (Clark and Clark 1992 , Condit et al. 1995 , Kobe 1999 . 
Neighborhood scale competition
Crowding effects on growth and survival appear to be idiosyncratic to each individual species and, with the exception of pioneers, there is little commonality among species that share similar life histories (Figs. 6,  7) . Neighborhood effects on tree survival were more predictable than on growth as reflected by the ability of the model to explain individual tree responses to crowding, particularly for light-demanding species (Fig. 3) . The LFDP has a higher density of small diameter trees than most other tropical forests, probably due to disturbance-driven regeneration (Thompson et al. 2002) . Intense competitive thinning of densely packed saplings and/or sprouts that grew after hurricane damage could have facilitated our ability to detect crowding effects on mortality (Vandermeer et al. 2001) . The effects of neighborhood competition on mortality may be less tractable in mature tropical forests with little natural disturbance where typical annual rates of mortality are 1-2% of stems (Phillips and Gentry 1994, Condit et al. 1995) . In these forests, density effects may operate primarily at the seedling stage and competitive thinning may play a secondary role to microsite variation in resource availability or vulnerability to pests and pathogens (e.g., Janzen-Connell effects).
Hurricane effects
Tree species in the LFDP differ strikingly in both their susceptibility to hurricane disturbance ( Fig. 1 ; Zimmerman et al. 1994 ) and the nature of their recovery from wind disturbance, at both the individual plant level (through repair of damage) and the population level through reproduction, seedling establishment, and juvenile response to enhanced resource availability (e.g., Walker 1991 , You and Petty 1991 , Boucher et al. 1994 , Zimmerman et al. 1994 , Cooper-Ellis et al. 1999 ; C. D. Canham, J. Thompson and J. K. Zimmerman, unpublished data) . Tradeoffs between species susceptibility to hurricanes and their ability to exploit increased light availability (Zimmerman et al. 1994 : Fig.  1 ) suggest that these traits should be considered as part of a suite of life history traits that determine patterns of relative abundance and succession in forest recovery from hurricane damage.
Ultimately, the effects that these differential responses to hurricane disturbance have on forest dynamics SPATIAL ANALYSIS TREE GROWTH AND SURVIVAL are played out at a neighborhood scale. Differential adult susceptibility to damage determines the location and size of canopy gaps ( Fig. 1 ; Canham et al. 2004) , and differential response to crowding in these gaps determines the trajectory of recovery after hurricane disturbance (see Discussion: Neighborhood scale competition; Zimmerman et al. 1994) . Our model clearly demonstrates that tree growth and mortality in gaps depends on: (1) abundance and taxonomic identity of trees in the neighborhood (Figs. 6, 7) , (2) growth strategies of trees colonizing gaps (Figs. 4, 5) , (3) differential ability of adult trees to recover from damage (parameter on Tables 5 and 6 ), and (4) ability of target species to take advantage of competitive release resulting from damage to neighboring adults (parameter on Tables 5 and 6 ). Our results illustrate a large degree of species-specific variation in the effects of crowding and previous hurricane damage on growth and survival (Tables 5, 6, Figs. 6, 7) .
Growth.-The effects of previous damage on standing adult trees (parameter ) had little effect on subsequent growth of Schefflera morototoni and secondary forest species but were important in explaining tree growth of Cecropia schreberiana and late-successional species (Tables 3, 4 ). Assessment of hurricane damage for the LFDP was limited to adult trees. Diameter distributions show that the majority of stems for pioneer and secondary forest species were in small size classes. Thus, the majority of stems for these species were not scored for damage. In contrast, the initial census of late-successional species included a large number of adults that had been scored for damage. The exception to this rule was the pioneer Cecropia schreberiana. The extremely low values for parameter (Table 6 ) that estimate the effects of previous damage on growth of this target species suggest that the low density of wood for this species makes it particularly susceptible to damage and this damage has dramatic effects on subsequent growth.
The absence of an effect of previous damage to neighbors on growth (parameter ) for most pioneers and secondary target species may reflect the complex land use history of the LFDP and its interaction with hurricane disturbance. The northern two-thirds of the LFDP were logged and farmed at the beginning of the last century and, as a result, they contain most of the secondary forest species, while the southern third was relatively undisturbed and contains primarily late-successional species (Thompson et al. 2002) . Secondary species are, in general, more susceptible to hurricane damage than late-successional species, and thus Hurricane Hugo reinforced the dominant effect of land use on species distributions (Zimmerman et al. 1994) . Some consequences of this interaction between land use history and hurricane damage are that (1) there are more gaps formed in the northern section of the LFDP, (2) pioneer and secondary species tend to preferentially colonize and be recruited into the northern part of the plot, and (3) this spatial distribution of species favors the interaction among pioneer and secondary forest species in the northern part of the plot and late-successional species in the southern part of the plot. In general, a large proportion of small stems for secondary and pioneer species were saplings that appeared immediately after Hurricane Hugo. Consequently, previous damage to adult trees of pioneer and secondary forest species holds little explanatory value for the growth of the majority of target trees of these same species.
Survival.-Previous hurricane damage affected subsequent probability of survival for all 12 of the target species. Generally, the effects of hurricane damage on subsequent survival appear to be driven primarily by the ability of target species to take advantage of competitive release resulting from damage to neighboring adults (parameter , Table 6 ).
Competitive coefficients
Understanding the strength of interactions between species is essential to linking process and pattern in natural plant communities. Quantifying the magnitude and significance of these interactions is also at the heart of an important and ongoing debate in ecology, namely the importance of competition (i.e., niche differentiation) in structuring natural plant communities (Connell 1983 , Welden and Slausen 1986 , Hubbell 2001 ). Several recent studies have presented non-manipulative methods to quantify the strength of species interaction in natural communities (see review in Freckleton and Watkinson 2001). Our method offers great promise as a tool to calculate species interactions in forest communities using data from permanent census plots.
Growth.-Our results contradict the idea that all competitors have equivalent per capita effects on a target or that the effect of competitors is simply proportional to their size (Goldberg 1987) . We found distinct functional groupings of competitors idiosyncratic to each target species. For a few species, the effects of conspecifics on target species growth were stronger than effects of the majority of heterospecific neighbors for about half of the target species. These results could from hurricane damage. One obvious interpretation is that large numbers of dead stems for these two pioneers facilitated our detection of distinct neighbor effects on survival. A similar argument applies for Prestoea acuminata, the most numerous species in the plot. For many of the remaining competing species, small sample sizes for distinct competitors in the neighborhood of dead target trees may have hindered our ability to detect distinct effects for each of the competing species.
(2) Biological attributes of species also affected our ability to detect distinct neighbor effects. For instance, conspecifics had distinct effects on the survival of Alchornea latifolia and Casearia arborea (Fig. 6) . The effect of conspecifics on survival of these two target species was stronger than that of heterospecific competitors. Both of these species are non-pioneer light demanding species that occur in spatially aggregated patterns and may compete primarily with conspecifics for light and soil resources. Growth and mortality.-The fact that the majority of mortality occurs in small size classes whereas growth is estimated across the whole range of sizes makes it difficult to compare results for the growth and survival model. In general, growth of target species was more sensitive to the identity of neighbors than survival. Conspecific or group effects were important for the survival of pioneer and light-demanding, nonpioneer species but not for late-successional species. Low numbers of dead trees in late-successional species may have hindered our ability to detect distinct responses to the identity of neighbors in the survival of this group of species.
Our method offers a series of hypotheses about competitive hierarchies at the LFDP that can be tested using experimental approaches. For instance, we found that the effects of conspecifics on Dacryodea excelsa growth were stronger than that of heterospecifics. This is consistent with the grafting habit of D. excelsa (Basnet et al. 1993) , which may increase competition for resources between neighboring conspecifics, particularly when large size asymmetries exist between grafted neighbors. Experiments can attempt to uncover the mechanisms that determine competitive interactions between species at the LFDP. Moreover, estimated parameters such as values can be included as part of a suite of life history traits that allow niche partitioning among coexisting species (i.e., Freckleton and Watkinson 2001) . Whether such niche partitioning results in ecological neutrality and equivalent per capita fitnesses is one interesting hypothesis that remains to be tested.
Implications for modeling the dynamics of tropical forests
A large percentage of individual variation in growth remains unexplained. We can only speculate on possible sources for the remaining variation. There are three general classes of variation that need to be considered: (1) physical measurement error (i.e., unavoidable error in the estimation of growth from repeated measurements of tree size); (2) model specification error, or the inability of the functional forms in our equations to adequately represent competitive interactions; and (3) biological (plant-to-plant) variation in both competitive effects and responses. Of these three sources, the last class is of greatest importance for models of tropical forest dynamics. The scale of spatial autocorrelation of growth (and residuals of our model) was strongest within a 5-m radius from target trees and dropped off dramatically at greater distances suggesting that the most likely candidate for biological variability may be habitat variation (e.g., soil nutrient or water availability) over small patches. Efforts to understand the effects of soil heterogeneity at LFDP are underway and will determine whether this factor is an important driver of growth in this forest. Studies of herbaceous plants and some trees (e.g., loblolly pine in Atwood et al. 2002) also suggest that genetic makeup is likely to account for a large proportion of variation in both growth and survival. Finally, historical factors (e.g., recent release from neighborhood crowding, herbivore damage, physical damage) are likely to be additional sources of variation (Wright et al. 2000) . Most current models of forest dynamics (e.g., SORTIE, Pacala et al. 1996 ) use deterministic functions for growth and mortality. Our results suggest that it will be important to expand the capabilities of those models to consider either stochastic models and/or deterministic models that consider multiple sources of individuallevel variability in growth and mortality as well as uncertainty in resources (Beckage and Clark 2003, Clark et al. 2003) .
